Chronic hepadnavirus infections cause liver damage with ongoing death and regeneration of hepatocytes. In the present study we set out to quantify the extent of liver turnover by measuring the clonal proliferation of hepatocytes by using integrated viral DNA as a genetic marker for individual hepatocyte lineages. Liver tissue from woodchucks with chronic woodchuck hepatitis virus (WHV) infection was assayed for randomly integrated viral DNA by using inverse PCR. Serial endpoint dilution of viral-cell junction fragments into 96-well plates, followed by nested PCR and DNA sequencing, was used to determine the copy number of specific viral cell junctions as a measure of the clonal distribution of infected cell subpopulations. The results indicated that the livers contained a minimum of 100,000 clones of >1,000 cells containing integrated DNA, representing at least 0.2% of the hepatocyte population of the liver. Because cells with integrated WHV DNA comprised only 1-2% of total liver cells, it is likely that the total number of clones far exceeds this estimate, with as much as one-half of the liver derived from high copy clones of >1,000 cells. It may be inferred that these clones have a strong selective growth or survival advantage. The results provide evidence for a large amount of hepatocyte proliferation and selection having occurred during the period of chronic WHV infection (Ϸ1.5 years) in these animals.
Chronic hepadnavirus infections cause liver damage with ongoing death and regeneration of hepatocytes. In the present study we set out to quantify the extent of liver turnover by measuring the clonal proliferation of hepatocytes by using integrated viral DNA as a genetic marker for individual hepatocyte lineages. Liver tissue from woodchucks with chronic woodchuck hepatitis virus (WHV) infection was assayed for randomly integrated viral DNA by using inverse PCR. Serial endpoint dilution of viral-cell junction fragments into 96-well plates, followed by nested PCR and DNA sequencing, was used to determine the copy number of specific viral cell junctions as a measure of the clonal distribution of infected cell subpopulations. The results indicated that the livers contained a minimum of 100,000 clones of >1,000 cells containing integrated DNA, representing at least 0.2% of the hepatocyte population of the liver. Because cells with integrated WHV DNA comprised only 1-2% of total liver cells, it is likely that the total number of clones far exceeds this estimate, with as much as one-half of the liver derived from high copy clones of >1,000 cells. It may be inferred that these clones have a strong selective growth or survival advantage. The results provide evidence for a large amount of hepatocyte proliferation and selection having occurred during the period of chronic WHV infection (Ϸ1.5 years) in these animals.
endpoint dilution ͉ inverse PCR ͉ hepatocyte clones C hronic hepadnavirus infection is associated with chronic inflammatory disease of the liver that may progress to cirrhosis and hepatocellular carcinoma (HCC) (1) . Hepatocytes, the target of infection, are generally long lived with a lifetime thought to exceed 6 months and a liver turnover rate possibly in excess of a year (2) (3) (4) (5) (6) . Histologic evidence reveals an increase in hepatocyte destruction during chronic infections (7) with a shortening of hepatocyte lifetime. For example, in woodchucks, chronic woodchuck hepatitis virus (WHV) infection is associated with, on average, an Ϸ10-fold increase in the proliferating cell nuclear antigen staining index of hepatocytes, involving Ϸ0.5-1% of the liver cell population (8). We estimate that this level of turnover in chronically infected woodchucks might represent 6-12 turnovers of the liver cell population per year. Because surviving hepatocytes can divide to replace dying cells, an elevated rate of random cell death caused by the antiviral immune response should lead to changes in the hepatocyte population, with some hepatocyte lineages dying out and others expanding on a random basis (9) . In addition, such an environment provides the opportunity for the expansion of hepatocyte variants with a selective advantage either in growth or survival.
During the course of an infection, hepadnavirus DNA is integrated into host DNA [e.g., during repair of double-stranded breaks by nonhomologous end joining (10) ]. In chronically WHV-infected woodchucks 2-3 years of age, integrations are stable and present in at least 1-5% of the hepatocyte population (11) . Moreover, in a study of recovery from transient WHV infections, we showed that the unique viral-cell junctions of integrated DNA could be used to track clonal proliferation of hepatocytes (9) .
In an early study of clonal proliferation, performed by using Southern blot hybridization, cirrhotic nodules in the liver of hepatitis B virus carriers contained clones of at least 100,000 cells (12, 13) . Large dysplastic foci have also been reported to be clonal (14) . What is less clear is the extent of clonal proliferation in the livers of WHV and hepatitis B virus carriers with liver disease without macronodular cirrhosis. We therefore used inverse, endpoint dilution PCR to detect and quantify clonal proliferation of cells with integrated WHV DNA in woodchucks in which viral replication, and presumably new integrations, had been suppressed for up to a year by antiviral therapy. Populations of clonally expanded cells were detected ranging up to 26,000 cells in size. The entire liver was estimated to contain a minimum of 100,000 clones of Ͼ1,000 cells containing integrated DNA. We estimate that 1-2% of liver cells contain integrated viral DNA and almost half of these cells were present as high copy cell clones. If the population of cells with integrated DNA reflects the characteristics of hepatocytes in general, then chronic hepatitis produces a remarkable degree of cell proliferation and clonal selection in the infected liver.
Materials and Methods
Tissue Specimens. The collection of liver biopsies and autopsy tissue from woodchucks infected with WHV at 3 days of age was described in table 2 of ref. 15 . Liver biopsies were initially collected at 14-16 months of age. These animals were then subjected to antiviral therapy with clevudine starting 3 weeks later and, in some cases, gene therapy with a single dose of adenovirus vectors expressing ␤-gal, or a combination of TNF-␣ and IFN-␥, administered 5 weeks after the initiation of clevudine therapy. Clevudine was administered for a total of 38 weeks, and, during that time, levels of WHV covalently closed circular DNA (cccDNA) dropped Ϸ100-fold, facilitating the detection of integrated DNA. Clevudine has been shown to be nontoxic in animals and nonmutagenic in standard assays (Bukwang Pharm, Seoul). In addition, clevudine is not incorporated into cellular DNA (16) , and its triphosphate is not a substrate for human DNA polymerases ␣, ␤, ␥, or ␦ (17). Therefore, clevudine is not expected to influence cell proliferation in the liver. Woodchucks receiving clevudine alone included wc370 and wc372, whereas wc359 and wc371 received the ␤-gal expression vector, and wc366 received a combination of TNF-␣ and IFN-␥ expression vectors. HCC was detected in all five woodchucks at autopsy. Autopsies were performed 48, 52, 33, 34, or 52 weeks after initiation of clevudine therapy for woodchucks wc359, wc366, wc370, wc371, and wc372, respectively. At the time of the autopsies, the woodchucks ranged in age from 22 to 28 months. Samples of liver and HCC collected at the autopsy were stored frozen or processed for immunohistochemistry and in situ hybridization as described in ref. 15 . DNA Extraction. DNA was initially extracted from 10-to 150-mg wet weight samples of liver and HCC collected at autopsy. The samples were disrupted in 2.5 ml of 10 mM Tris⅐HCl, pH 7.6͞1 mM EDTA͞0.1% Triton X-100 by using a Dounce homogenizer, and nuclei were collected by centrifugation for 1 min at 11,000 ϫ g in a microcentrifuge. The pellet was suspended in 0.5 ml of 50 mM NaCl͞25 mM Tris⅐HCl, pH 7.6͞5 mM EDTA containing 0.1% SDS and 1 mg of proteinase K per ml, incubated for 2 h at 55°C, and then extracted with a 1:1 mixture of phenol and chloroform. Total nucleic acids were collected by ethanol precipitation. Analyses of the liver samples were summarized in Table 1 .
For the remaining studies, DNA was isolated from 0.5-to 3-mg wet weight samples of liver. The entire sample was suspended in proteinase K͞SDS digestion buffer, and the nuclear pelleting step was eliminated. Subsequent steps were essentially as described above. Alternatively, some samples of liver were extracted by using the Promega Wizard Genomic DNA Purification Kit according to the manufacturer's instructions.
Cellular DNA concentrations were determined by using realtime PCR to quantify the single-copy woodchuck hcr gene (18) . Cellular DNAs extracted from 10 3 to 10 5 cells were assayed in 20-l reactions of SYBR Green Supermix (Bio-Rad) with primers extending from nucleotides 3820-3844 (5Ј-CTC TGG TCA AAT GTT AAC CAC TCA G-3Ј) and nucleotides 4034-4012 (5Ј-CTC TGT GAA TAA ACC CTT CTG GA-3Ј) of the hcr locus (GenBank entry X13234). The reactions were subjected to thermocycling in a Bio-Rad iCycler equipped with an optical detector by using the conditions 95°C for 3 min, 40 cycles of 95°C for 10 sec, and 60°C for 30 sec. Known amounts of a purified PCR product of the hcr gene were used to generate a standard curve.
Inverse PCR. Linear viral DNA molecules created by in situ priming (19) appear to preferentially integrate as compared with relaxed circular viral DNA (20, 21) . In the plus-strand orientation, the left end of the terminally redundant linear DNA extends to the 5Ј end of the pregenomic RNA [about nucleotide 1935, numbering according to Galibert et al. (22) ] and the right side to the 5Ј end of the minus strand DNA, which maps Ϸ9 nucleotides downstream. In this study, inverse PCR ( Fig. 1 ) was carried out for detection of viral-cell junctions at or near the left end of in situ primed DNA as described in ref. 9 . Briefly, liver DNA was digested with SacI, which cleaves in the core gene at nucleotide 2240 in the viral genome and at upstream sites in cell DNA, and SacI was then inactivated by heating at 80°C for 15 min. The DNA was then incubated with T4 DNA ligase (400 units͞ml) for 2 h at room temperature. The ligase was inactivated for 15 min at 80°C, and the circularized DNA was digested with HindIII, which cleaves at nucleotide 2190. The efficiency of the inversion reaction was estimated to be as high as 80% when tested by inversion of a portion of the hcr gene bounded by SacI sites 892 nucleotides apart. Digestion with AflII, which cleaves at nucleotide 2303, was carried out by inclusion of AflII (100 units͞ml) in the first PCR mix and an initial incubation for 30 min at 37°C. Although full-length WHV cccDNA is too large to amplify with our reaction conditions, AflII cleavage prevents PCR amplification of defective cccDNA molecules with large deletions, except those lacking the AflII site, which accounted for Ϸ15% of the total products of inverse PCR.
Unless noted, DNA samples were assayed in 96-well microtiter plates at a dilution at which each PCR would produce on average one or fewer amplicons. Aliquots of the larger DNA samples extracted from the 10-to 150-mg samples of liver and HCC were distributed in appropriate amounts, as determined by an initial titration, to each well of a 96-well plate. One-quarter to 1͞14th of the DNA samples extracted from the 0.5-to 3-mg liver samples were assayed in 3-fold serial dilutions, 12 wells per dilution. Nested PCR was carried out by using primer sets S1 (primers WHV2185-2167 and WHV2195-2216) and S2 (primers WHV2165-2145 and WHV2217-2245), as described in ref. 9 . PCR products were subjected to electrophoresis in 1.3% agarose gels. Bands were cut from the gels, recovered by using the QIAEX II (Qiagen, Valencia, CA) agarose extraction kit, and *The numbers below the line indicate the number of times a particular integration site was detected. For instance, for woodchuck 366, there were nine sites that were detected twice and were predicted to have a clone size of 663 cells.
Fig. 1.
Inverse PCR assay for detection of viral-cell junctions. DNA fragments containing viral-cell junctions were released by SacI digestion (S), ligated to produce circular DNAs, and converted to linear DNAs by digestion with HindIII (H). These fragments were diluted to microtiter plates, digested with AflII (A), and amplified by nested PCR by using primers specific to viral sequences at the left and right ends (arrows).
sequenced for detection of the viral-cell junction by using WHV2165-2145 as the primer (9) . Viral-cell junctions were identified by using the WISCONSIN PACKAGE 10.2 (Genetics Computer Group, Madison, WI) and cellular sequences present at each junction were aligned by using SEQUENCHER (Gene Code, Ann Arbor, MI). The size of each clone defined by a repeated viral cell junction was taken to be the number of those viral cell junctions at the highest dilution times the dilution factor.
Immunohistochemistry and in Situ Hybridization. Sections of ethanol͞acetic acid fixed liver tissue were subjected to immunohistochemistry for detection of WHV core antigen and in situ hybridization for detection of WHV nucleic acids as described in refs. 9, 15, and 23.
Results
To assay for clonally expanded cells with integrated WHV DNA, we first examined DNA extracted from pieces of liver containing Ͼ1.5 ϫ 10 6 cells (10-150 mg wet weight). After inversion (Fig.  1 ), aliquots were diluted and distributed for nested PCR to 96-well microtiter plates so that on average each well produced Ϸ1 or fewer amplicons. Sequencing of a subset of the reaction products revealed that the majority contained viral-cell junctions, with the remainder apparently arising from defective cccDNA molecules lacking the AflII site at nucleotide 2303. Despite the fact that Ͻ10% of each sample was analyzed, and in some cases Ͻ1%, every sample contained several viral-cell junctions that were represented more than once (Table 1) , indicating clonal proliferation of cells containing these integration sites. After sequencing, BLAST searches were done to determine whether expansion was associated with integration near a host oncogene.
Flanking DNA in one of the cell clones in wc366 [predicted clone size of 1,658 cells (Table 1) Table 1 , only 17 other distinct integrations occurred in regions with homology to known genes, including one in a cell clone with a size of 2,985 cells with integration at a site homologous to the gene for ␣-2-macroglobulin (wc366), one in a clone with a size of 41 cells with integration at a site homologous to TRPV3, a member of the vanilloid receptor family (wc371), two in clones with a size of 663 and 41 cells, respectively, with integrations at sites homologous to apolipoprotein B (wc366 and wc371, respectively), and one in a clone with a size of 41 cells with integration at a site homologous to ribosomal DNA (wc371). Integration into ribosomal DNA was also found with wc359, wc366, and wc372. In subsequent experiments, integration in this region was also detected in wc370. Four independent integrations in ribosomal DNA were downstream of the SacI site at nucleotide 10603 and five were upstream of the SacI site at nucleotide 12016 (GenBank entry BK000954) of this repeated gene [Ϸ200 copies in the mouse (27)] . No viral-cell junction fragments were found in the HCCs in these five woodchucks by using the same inverse PCRs (data not shown), indicating that clonally proliferating cells were not simply metastases of existing tumors. Thus, with one exception, none of the integration sites were found to be near known oncogenes. Because a SacI site is not nearby, our assay would not have detected integration in the 3Ј UTR of Nmyc-2, which with win is the most common site of integration in woodchuck HCC (reviewed in ref. 26) .
Experiments were next carried out to differentially detect large cell clones in 35 liver fragments (Ϸ0.5-3 mg wet weight) from wc370, wc371, and wc372, containing from 6 ϫ 10 4 to 1.4 ϫ 10 6 cells (see Tables 3-5 , which are published as supporting information on the PNAS web site). Samples were extracted, and each was assayed by serial dilution inverse PCR. Repeated or possibly repeated bands were selected from each for sequencing. A simple pattern of PCR products with a clearly repeating fragment representing a clone of Ϸ4,000 cells is shown in Fig. 2 Right (wc371.1a). A more complex pattern, with no highly repeated bands, is shown in Fig. 1 Right (wc371.5a). Sequencing of bands that appeared to be repeated revealed four clones of Ϸ120 cells.
A summary of the analyses of the liver fragments is presented in Fig. 3 and Table 2 . Fragments from wc370 contained four clones of Ն1,000 cells in a sample of 2.5 ϫ 10 6 cells, and these clones in combination represented 1.2% of the liver cell population analyzed. wc371 had two clones of Ͼ1,000 cells in a sample of 5.0 ϫ 10 5 cells that represented 0.9% of the population, and wc372 had three clones of 1,000 cells or greater in a sample of 3.0 ϫ 10 6 cells that represented 0.5% of the liver cell population. Thus, high-copy cell clones that could be detected by using integrated WHV DNA represented a significant population of the liver. BLAST searches did not reveal integration into known oncogenes for any of the multicopy clones in Fig. 3 . This finding was also true for a total of 555 sequenced viral-cell junctions detected only once in this experiment and in that described in Table 1 .
Previous studies have reported the presence of foci of altered hepatocytes (28) (29) (30) (31) , from which HCC is thought to emerge in WHV-infected woodchucks and hepatitis B virus-infected humans. These foci are distinguished from normal hepatocytes by distinct or subtle morphological changes in hematoxylin͞eosin staining or in the periodic acid͞Schiff reagent reaction (29, 30) . In addition, variations in viral core antigen staining have been reported in chronically WHV-infected woodchuck (8, 32) and To determine whether the woodchuck livers that we analyzed showed these previously reported focal heterogeneities, we performed analysis of liver tissue by WHV core antigen staining and detection of WHV nucleic acids by in situ hybridization. Liver biopsies taken before clevudine therapy, at Ϸ15 months of age, were used for this analysis. As illustrated in Fig. 4 , distinct foci, small clusters, and scattered hepatocytes with low intensity or undetectable WHV core antigen staining and nucleic acid signals could be seen to account for as many as one-half of the hepatocytes in wc359 and wc370 (Fig. 4 A-E) , infected at 3 days of age, as compared with the more uniform viral signals at the peak of a transient infection of a woodchuck that was Ϸ18 months old at the time of infection (Fig. 4 G and H) . A similar pattern was seen in the biopsies from wc366, wc371, and wc372. This heterogeneity is consistent with the outgrowth of phenotypically distinct cell clones already one year before the time at which samples were taken for analysis of integrated DNA.
Discussion
In this study we attempted to obtain information about cumulative liver cell growth and turnover during chronic hepatitis in WHV-infected woodchucks. Our strategy was to examine the amount of hepatocyte proliferation as reflected by the clonal expansion of cells containing integrated viral DNA, assuming that each viral-cell junction corresponded to an individual cell. This strategy was limited by the fact that our assay detected integrated DNA in only 1-2% of liver cells (Table 2 , column 6), whereas cells with no integrated DNA or other integrated DNAs would not be detected, depending on specific features of the integration site. By enumerating high copy viral-cell junctions, we observed a broad distribution of hepatocyte clone sizes between 27 and 26,000 cells, indicating a high amount of proliferation of some hepatocytes. High copy clones (Ͼ1,000 cells) accounted for almost one-half of the cells containing integrated viral DNA ( Table 2 , columns 2-4). Moreover, if the presence of integrated DNA is simply a genetic marker of infected hepatocyte lineages rather than a cause of clonal expansion, then almost half of the entire liver might consist of high-copy cell clones. Some interpretations of the clonal distribution we observed are considered below.
Clonal Expansion by Random Killing of Hepatocytes Accompanied by
Random Division of Other Hepatocytes. Some clonal expansion of hepatocytes during liver turnover is to be expected, even if those cell clones that expand are entirely normal. During hepatocyte killing that accompanies chronic hepatitis, some hepatocyte lineages would be eliminated and replaced by expansion of other lineages. Because expanding cell clones are also subject to killing, expansion would be slow and the population of any one liver cell clone would undergo random fluctuations in size. We have calculated that for clones of 1,000 cells or more to be produced by this process, Ϸ124 complete random turnovers of the liver would be required (Supporting Text, which is published as supporting information on the PNAS web site). Proliferating cell nuclear antigen staining indices for hepatocytes in chronically WHV-infected livers are on average Ϸ0.5-1% (8), and if that corresponds to a rate of hepatocyte killing of 1.5-3% per day (44) sustained for an entire year, it would account for only 6-12 turnovers of the liver cell population. Thus, although smaller cell clones could be the result of random turnover, the presence of high-copy clones requires alternative explanations.
Clonal Expansion of Transformed Hepatocytes. Hepatocyte clones might be produced from variant hepatocytes that do not require a regenerative stimulus for cell division. The growth of such clones would therefore not depend on liver cell turnover. High-copy clones with detectable integrated DNA were observed at a frequency of 1 per Ϸ500,000 cells (Table 2 , columns 3 and 4) or Ϸ100,000 such clones per liver. Typically, woodchucks with chronic WHV infection develop one or a only a few independent HCC nodules, which contain integrated DNA (32), so we infer that the vast majority of the high-copy cell clones we observed were not fully malignant but could repre- Fig. 3 . Size distribution of cell clones detected by end point dilution inverse PCR. Clones exceeding 27 cells in size were detected by end point dilution inverse PCR, as illustrated in Fig. 2 . The results obtained with 15 liver fragments from wc370, 5 from wc371, and 15 from wc372, containing in total 2.5 ϫ 10 6 , 5.0 ϫ 10 5 , and 3.0 ϫ 10 6 cells, respectively, are summarized in the three panels. sent cells that had acquired premalignant changes. For one clone, WHV DNA was integrated into the win locus, a common integration site in WHV, and it is possible that other high-copy clones expanded because of undetected integrations in Nmyc-2 or win (24 -26) . The idea that expansion of high-copy clones was frequently due to insertional mutagenesis by the integrations that we detected, however, is at odds with the fact that common regions for integration in cellular DNA were detected for only 2 of the 106 clones of 27 or more cells. In addition, with the exception of the single integration at win, no sites of integration related to known tumor suppressors or oncogenes were identified.
Clonal Expansion Due To Resistance to Killing and͞or Selective Regeneration. High-copy cell clones might also be produced during liver turnover from hepatocytes with a selective advantage for surviving the cytotoxic immune response or for responding to regenerative signals. The growth of such cell clones would depend on hepatocyte turnover, and such clones would increase in size much more rapidly than clones with no selective advantage. For example, a hepatocyte that was resistant to immune killing, or one that regenerated with twice the probability of that of a normal liver cell, would require only 9.2 liver turnovers to drive its expansion to produce 10,000 cells (Supporting Text and Fig. 5 , which is published as supporting information on the PNAS web site). A stronger advantage would require even less liver turnover. Thus, a selective survival or regeneration advantage during liver turnover seems adequate to explain the existence of even the highest copy cell clones we observed. A selective advantage during turnover might be due to, for example, an inability to express viral antigens or display them on MHC molecules, a premalignant change conferring hyperresponsiveness to regenerative signals, or a natural propensity for some rare infected cells to act as stem cells. Finally, selective clonal expansion does not seem to be a normal component of postnatal growth of the liver (45) . Nonetheless, we would like to point out that because we are unable to perform our analyses on an uninfected woodchuck, our results do not prove that the high degree of hepatocyte clonality we observed was actually a consequence of chronic hepatitis. However, with this caveat, our results imply a highly dynamic process of hepatocyte proliferation during chronic infection, with strong selective pressures remodeling the liver by providing opportunities for the emergence of hepatocytes with a growth or survival advantage. This process may be a major factor in the pathogenesis of chronic hepadnavirus infections to primary hepatocellular carcinoma.
Supporting Text
Clonal Expansion of Hepatocyte Variants in Chronic Hepatitis. This analysis examines the quantitative relationship between the expansion of variant hepatocyte clones during liver turnover, based on a selective advantage of the variant. Two types of selective advantage are considered together: resistance to killing and preferential cell regeneration.
Assume a liver consisting of two cell types, designated c0 and c1, where c0 cells are normal hepatocytes, and c1 cells are variants. c0 = 1 liver equivalent, and c1 << c0 at all times. First-order kill rate constants for the two cell types are d0 and d1. Normal hepatocytes, c0, because they are in a vast majority, can be considered to regenerate at the same absolute rate as they are killed, and, with a first-order growth rate constant 0 0 d k = . Variant hepatocytes, c1, may die and regenerate with different probabilities from that of c0, so that k1 and d1 might not be equal to k0 or d0.
>> , the extra mass added to the liver by the addition or depletion of c1 variants is neglected.
, and ( )
If 0 Clonal Outgrowth due to Random Turnover. We previously published an analysis of the relationship between random turnover of a population of cells and the clonal distribution of cells in that population (1) . Briefly, the distribution F(n,k) of clones, where n is the number of members in a clone and k is the number of cycles of random cell killing followed by random cell division, is given by recursive computation of the two equations: 
